ABSTRACT. This work focuses on the mechanical characterization of the inorganic matrix used for Fiber-Reinforced Cementitious Matrix (FRCM) composites, nowadays widely used to retrofit existing reinforced concrete and masonry structures. While several works in technical literature investigate the experimental behavior of the whole FRCM composite, few information are available on the mechanical characterization of the mortar, which contains polymers and synthetic fibers in its admixture. However, the knowledge of its behavior in tension, especially after crack formation, is an important feature for the calibration of constitutive models to be adopted in the study of structural elements strengthened with FRCM. To this aim, an experimental program was performed on mortar specimens characterized by different shapes and dimensions, tested under direct tension or three-point-bending. From the performed tests, it was possible to characterize inorganic matrix behavior both in the uncracked stage, through the determination of the elastic parameters (elastic modulus and Poisson's coefficient), and in the cracked stage. The use of digital image correlation (DIC) technique also allowed the study of the evolution of crack propagation in the specimens. Lastly, a correlation factor between axial and flexural tensile strength is proposed, for both design and numerical modelling purposes.
INTRODUCTION
n recent years, Fibre Reinforced Cementitious Matrix (FRCM) composites gained an increasing attention as a sustainable methodology to retrofit existing masonry and reinforced concrete structures. They are constituted of a dry fibre fabric or mesh that is anchored to an existing support through a cement-based adhesive. This latter is typically I made of combinations of Portland cement, silica fume and fly ash as the binder, with the addition of a low dosage (less than 5% by weight) of dry polymers in the mix. The use of an inorganic matrix guarantees many advantages [1] , since it is easy to prepare as any hydraulic product, it is not toxic for the workers and for the environment and it can be applied even on irregular surfaces. Moreover, it maintains its properties up to high temperatures and is not combustible, providing a good reaction to fire like the concrete substrate, and it can be applied also over a damp substrate, since humidity promotes adhesion to the hydraulic matrix. Although in recent years the experimentation on the whole FRCM systems is increased, both on the composite material under tension [2] or on FRCM-concrete joints [3] , and on strengthened RC beams [4, 5] , only few experimental information can be found for the characterization of the inorganic matrix. Manufacturers' data sheets generally provide minimum values of its compressive and bending strength and of the secant modulus of elasticity. However, numerical modelling requires refined laws able to describe the actual behaviour of the component materials, and while for the fibre fabric a linear elastic behaviour can be generally accepted, because of the high strength and stiffness of the material, for the inorganic matrix the influence of its post-cracking behaviour on the global response is significant and must be determined. This work is focused on the investigation of mortar's mechanical properties by performing two different tests: direct tension and three-point-bending tests. As known [6, 7] , among tensile tests, direct tension is quite demanding, because the localised actions of the grips, the presence of geometrical imperfections of the specimens as well as the kinematics of the end restraints may have a great influence on the results. Therefore, three-point-bending tests, which are recognized to be less affected by uncertainties, can help to provide a more efficient material characterization. Moreover, while for normal concrete the conversion factor between axial and flexural tensile strength can be deduced for a given beam depth from fracture mechanics considerations [8] , a possible correlation for this kind of mortar is not available in scientific literature. However, for numerical modelling, this conversion factor is in many cases necessary to calibrate constitutive laws to implement into numerical models [9, 10] , if only flexural tensile strength is available. 
Specimen dimensions and preparation
Mortar mixing was carried out according to manufacturer's instructions by adopting a drill paint mixer. Mixing ratio was 6.5 l of water for 25 kg of mortar. For direct tensile tests, dog-bone specimens 15 mm thick were used (Fig. 1) . The dimensions were determined according to Japanese Standard [11] for cement-based composites with short fibres HPFRCC (High Performance Fibre Reinforced Cement Composites with Multiple Fine Cracks), since these composites are characterised by high ductility and fine aggregates, so resulting in a macroscopic behaviour quite similar to that of the investigated mortar. Two experimental campaigns were performed, casting eight specimens in the first one and nine in the second one. As regards bending tests, prismatic samples 40x40x160 mm were used ( Fig. 2 ), according to standard EN 1015-11 for masonry-hardened mortar [12] . Moreover, a central, 3 mm deep notch was cut in order to localize the crack within the knifeedges of the clip-gauge that controls the test. Three specimens were cast in the first campaign, while four in the second one. In the following, each specimen is designated through the symbols T or B (traction or bending) -followed by the number 1 or 2 (first or second series) and by the progressive specimen number. The specimens were cured for 28 days at laboratory conditions before testing. 
Test setup
Experimental tests were performed under displacement control by using a digitally controlled Instron 8862 Universal Testing Machine (10 kN). For direct tensile tests, among the several gripping mechanisms that have been developed for uniaxial testing, a Clevis grip was adopted, so applying the axial load by means of shear stresses to the specimen. To this aim, two holed steel plates were glued at each end of the specimens (Fig. 1b) to allow the grip of the testing machine, achieved through a properly designed grip system (Fig. 1c-d) . One transversal and two longitudinal 10 mm strain gauges were applied on the opposite sides of three specimens belonging to the second series of tests, for the measure of axial and transversal strains before cracking (Fig.  1e) . Specimens under three-point bending were tested under crack mouth opening displacement (CMOD) control, by setting a clip gauge across the notch (Fig. 3a) . The specimens were simply supported over two rollers, providing a net span of 100 mm, while an upper roller was placed as contrast for the application of the load (Figs. 2b, 3) . During test execution, Digital Image Correlation (DIC) technique was adopted to complete the measurement acquisition in terms of displacements, strains and crack pattern. As known, in recent years DIC has become a powerful tool for material characterization, above all when the behavior is affected by cracking occurrence, as in cement-based matrices used for composites [13] . The specimen surface was smoothed and a speckle pattern, consisting of randomly distributed black dots over a white background was realized by means of spray-painting (Figs. 3, 4) . A high-resolution camera (Nikon D750, 24.3 E Megapixel full frame) was used and placed on a stiff frame, and stable lighting conditions were guaranteed. Digital images were taken at a constant time interval of 10s. The sequence of digital images was processed by means of the software program Ncorr [14] , developed in MATLAB environment. DIC was applied to the first series of direct tension tests and to both the performed series of bending tests. 
Direct tensile tests
Dog-bone specimen shape determined the development of cracking within the central zone, characterized by a reduced size (Fig. 4) . First cracking occurs immediately at the reaching of mortar tensile strength; subsequently the specimen can still bear load, even if reduced, thanks to the random presence of dispersed fibres, which allow cracking development until high crack opening values (Fig. 5a ). The resulting stress -longitudinal displacement response of series 1 specimens under direct tension is plotted in Fig. 5b . The stress is determined by dividing the load provided by INSTRON machine by the effective value of the specimen cross-section area. Since two of the tested specimens showed an anomalous behavior, with the development of cracks outside their central zone (see the crack path of specimens T-1-7 and T-1-8 in Fig. 4 ), these were discarded from the analysis of the results. The obtained values of the axial tensile strength are also summarized in Tab. 1, while Tab. 2 refers to the specimens of the second series. As can be seen, a mean value of tensile strength of 1.77 MPa and 2.08 MPa was found respectively for the specimens of the first and the second series. By considering the cracking loads from all the two series of performed tests, a mean value of tensile strength of 1.95 MPa with a standard deviation of 0.45 MPa could be obtained. For the series 1 specimens, the stress -crack opening relation was also determined (Fig. 6a) , by analyzing the displacement field of the process zone through DIC image processing. In Fig. 6b , the longitudinal strain field for a given load as obtained from DIC is also reported, allowing to observe the extension of the crack process zone. From direct tensile tests also the mortar elastic modulus as well as Poisson's coefficient were evaluated before cracking. This was possible through the strain measurements recorded by the longitudinal and transversal strain gauges placed in three specimens of the second series. The elastic modulus was determined from the initial branch slope of obtained stress-strain relations, resulting in an average value of 13.7 GPa. A mean value of Poisson's coefficient equal to 0.21 was determined, as the ratio between the transversal and the longitudinal strain.
Three-point-bending tests
In three-point-bending tests, the crack starts from the notch and gradually develops thanks to the bridging action of dispersed fibres, which allow the reaching of high values of crack opening (Figs. 7, 8 ). The evolution of crack path can be also analysed through DIC image elaboration in terms of horizontal strains, as shown in Fig. 8b , where is evident the localization at crack tip. From the analysis of the vertical displacement field, it is possible to compute the deflection , removing rigid displacements at the supports, and so representing the specimen response in terms of load -midspan deflection (Fig. 9a) . 
RESULT DISCUSSION
rom three-point-bending DIC results, it was also possible to assess the load corrisponding to the actual development of the first crack (Pcr), which is lower then the peak load (Pmax), from which tensile flexural strenght ft,fl is usually determined. From both the analysis of the horizontal displacements and strain fields across and over the notch obtained from DIC processing (see Fig. 8b ), it was detected the step corresponding to cracking onset and the corresponding initial cracking load P cr was so identified and adopted to determine the axial tensile strenght (f t,ax ). The obtained values for the tested specimens are reported in Tab. 3. The ratio between the so determined mean values of axial and flexural tensile strength (equal to 2.33 and 4.22 MPa, respectively) is 0.55. The same ratio obtained by considering the mean value of ft,ax obtained from direct tension tests is 0.46. As can be observed, these values are similar. However, Tab. 3 shows that the values of ft,ax from DIC are much more scattered, due to the uncertaintes in the determinatin of Pcr, which is strongly dependent on the frequency of digital image acquisition in relation to crack speed development. On the other hand, the test results obtained from beams under bending are much more reliable since they avoid the difficulties connected to the execution of direct tension tests. Table 3 : Specimens under three-point-bending: cross section dimensions (b x h), notch depth d, flexural (f t,fl ) and axial (f t,ax ) tensile strength from peak load (P max ) and from initial cracking load (P cr ).
The obtained results can be compared with the relation proposed by MC2010 [8] for normal strength concrete, where the mean values of axial and flexural tensile strength are related by the coefficient fl, which is dependent on the beam depth hb through the expression:
By substituiting in Eq. (1) the actual beam depth (= 40 mm) a fl coeffiecient equal to 0.44 can be obtained, so confirming that the correlation usually adopted for concrete can be extended also for this kind of cementitious matrix.
CONCLUSIONS
n this work the behavior of fiber-reinforced mortar for FRCM composites is experimentally investigated, by comparing direct tensile and three-point-bending tests. Displacement and strain fields have been measured by means of DIC. Direct tensile test originally proposed for HPFRCC seems promising also for cementitious mortar, even if it requires special cares to avoid bending, scattered results and anomalous crack formation. Three-point-bending test execution is easier and allows providing less dispersed results in terms of flexural tensile strength. However, the determination of tensile axial strength requires to observe the actual crack onset. This is possible through DIC technique, even if some uncertainties in the results arise from the same DIC setup (such as image resolution and frequency of acquisition, etc.). A correlation factor between tensile strengths is herein proposed. This factor could be used by designers to determine the axial tensile strength from more simple three-point-bending tests. Obtained results are promising also for the calibration of a tension softening law for mortar. This is particularly appealing for the numerical modelling of these composite materials, which requires an accurate description of the post-cracking regime.
